We have experimentally studied emission of microwave radiation from a monopole source embedded in a three-dimensional photonic crystal. We have demonstrated enhancement of microwave radiation at the band edge and cavity mode frequencies. Furthermore, we have shown that it is possible to obtain highly directive microwave radiation sources operating at the band edge of the three-dimensional photonic crystal. We have measured half power beam widths of 13 o for both E and H planes, corresponding to a maximum directivity of 245. 
Photonic crystals (PCs) are structures with periodic dielectric constant variations, in which electromagnetic (EM) wave propagation is forbidden in all directions for a certain range of frequencies [1, 2] . These electromagnetic band gaps can be used for a wide range of applications [3] , such as microscopic lasers [4] , resonant antennas [5] and optical switches [6] . Among these applications, there is a great deal of growing interest to use PCs to control the spontaneous emission in photonic devices leading to more efficient light emitters such as thresholdless semiconductor lasers [7, 8] , single-mode light-emitting diodes [9, 10] and efficient antennas [11] .
Previously, several researchers theoretically investigated the effect of PCs on the radiation properties of sources embedded inside PCs [12, 13] . It has been shown that PCs strongly modify the emission properties of sources. This strong modification is due to the strong modification of the radiative local density of states. Theoretical works on atomic radiations from dipolar sources embedded inside PCs have predicted several interesting phenomena, such as enhancement or suppression of radiation [13, 14] , photon-source bound states [15] . In addition, it has been shown that PCs modify the angular distribution of power from radiation sources due to the strong dispersion and anisotropy [16] . At a distant observation point, the main contribution the electromagnetic fields come from the modes whose group velocity direction coincides with the direction to the observation point. This effect is similar to the "phonon focusing" that was observed by Taylor et al. [17] in crystalline solids for the phonon field. In spite of these numerous theoretical works there are a few experimental works investigating the effect of PCs on the radiation properties of sources. The lack of experimental work is due to difficulties in preparation of samples, especially in difficulties preparing 3 dimensional (3D) PCs that operate in the optical region. Busch et al. [12] have shown that PCs modify the emission properties of sources in the microwave region and in the optical region in the same manner. In this sense, the investigation of the effect of PCs on the radiation properties of sources in the microwave region is important and may provide further insight.
The photonic band gap edges are especially important for the study of the effect of PCs on the radiation properties of sources. The importance of the band edge lies in the fact that radiative local density of states is strongly enhanced near the band edge frequencies [13] . The radiative local density of states is a measure of the coupling of the source to the electromagnetic modes of the photonic crystal structure. It depends on group velocity of the eigen-modes of the PC, the orientation of the dipole moment of the source, and the overlap between the electric field of the modes of the PC and the dipole moment of the source. In addition, near the band edge frequencies the directions of the allowed wave vectors are confined to the close vicinity of a certain direction. The allowed wave vectors for a certain frequency constitute a surface in the three dimensional Brillouin zone i.e, equal frequency surface (EFS). At the band edge frequency the EFS shrinks to the close vicinity of a certain point. This limits the directions of the allowed wave vectors to a certain preferred direction. The reported experimental and theoretical studies on PC based antenna applications mostly used total reflection property of these structures. The antennas mounted on PC substrate surfaces exhibited high efficiency and directivity compared to conventional antennas on dielectric substrates [18, 19] . In all of these works, the radiation sources were placed outside of the sources. But, PCs can also be used to improve the directivity of the sources, by embedding these sources inside the PCs [20] . In this sense, PCs can be used in the solution of two main problems of the control of emission: enhancement of radiation and confinement of the emitted power to a narrow angular region [20, 21] .
In our previous works [20, 21], we have studied emission of radiation from a source embedded in two-dimensional (2D) PC. We demonstrated the enhancement of radiation and confinement of radiation to a very narrow angular region using a 2D PC. In addition to enhancement of radiation, we showed that emitted power can be confined to a narrow angular region. We obtained half power beam widths as small as 6 o . Although we obtained angular confinement by using a 2D PC, the confinement is only in 2 dimension. In order to achieve angular confinement in 3 dimension one have to use 3D PCs.
In this paper, we have studied emission of radiation from a monopole source embedded inside a 3D PC in order to get an enhancement of radiation and to confine emitted power to a narrow angular region in two planes (E and H planes). We have demonstrated the enhancement of radiation at the band edge and at the cavity mode frequencies. Moreover, we have shown that it is possible to confine the emitted power to a narrow angular region in 3 dimensions.
The monopole antenna that we used in our experiments is constructed by removing the shield around one end of a microwave coaxial cable. The cleaved center conductor, which also acted as the radiation source, is 5 mm long. An HP-8510C network analyzer is used to excite the monopole source and a standard gain horn antenna is used to receive the radiated EM field from the monopole antenna. The HP-8510C network analyzer is capable of measuring both intensity . Delay time is an important quantity for the study of emission of radiation from sources because this quantity enters to the rate equations [27, 28, 29] . For a PC it is possible to find positions with high electric field amplitude and frequencies with low group velocity. Hence, at these positions there is a high enhancement factor in certain frequencies. Enhancement factor is defined as the ratio of the intensity of the EM waves emitted from a source located inside the PC to the intensity of the EM waves emitted from a source in free space.
The PC that we used in our experiments is a 3D layer-by-layer structure [30, 31, 32, 33] (Fig. 2) , which consists of square shaped alumina bars of alumina rods. The stacking sequence repeats every four layers, which has the equivalent geometry of a face centered tetragonal (fct) lattice, corresponding to a single unit cell in the stacking direction. The PC has 11 unit cells (44 layers) in the stacking direction. The dimensions of the alumina rods are 0.32 × 0.32 × 15.25 cm and dielectric constant of the rods is 9.61. The periodicity along the stacking direction is 1.28 cm. The parallel rods have a center to center separation of 1.12 cm, with a dielectric filling ratio of ∼ 0.29. Calculated 3D full band gap of the structure is given in Fig. 1 . Several authers had already shown that 3D layer-by-layer PC has 3D full photonic band gap [30, 31, 32] .
We have measured the transmission properties and the delay time of the PC along the stacking direction. The experimental setup for the transmission measurements consisted of an HP 8510C network analyzer and two standard gain horn antennas to measure the transmission amplitude and phase. Electromagnetic radiation was incident upon the sample along the stacking direction from the source horn antenna. Both the source-to-PC distance and receiver-to-PC distance are 10 cm for the transmission measurements. The transmission measurement (Fig. 3(a) ) shows that the lower band-gap edge (maximum of the first band) along stacking direction is around 10. photonic band structure (Fig. 1) . The measured delay times around the lower band-gap edge are presented in Fig. 3(b) . The delay time near the lower edge is 14.2 nsec. The time required for the EM waves to propagate along the structure which is 0.47 nsec. So, the PC reduces the group velocity of light at this frequency by a factor of 30. The enhancement factor for the EM waves emitted from a monopole source along the stacking direction is measured. The monopole source is located at the center of the PC, between the 21st and 22nd layer in the 6th unit cell of the PC. Figure 4 shows the enhancement factor for frequencies near the lower edge. A maximum enhancement factor of 13.7 is obtained at 10.3 GHz, which also corresponds to the lower band-gap edge frequency.
Single cavity structures are very important features for the control of emission from radiation sources. Recently, Noda group [34] fabricated (3D) PCs containing artificial point defects to emit light at optical communications wavelengths. The properties of a single-defect cavity investigated [35, 36, 37] and resonant cavity enhanced detectors [38] and waveguide applica- tions [39] were demonstrated using localized modes of the cavities built in PCs. In order to obtain a single cavity localized in the PC, we have removed the center rod of a 20-layer 3D PC. The measured transmission and delay time for the single cavity structure are shown in Fig. 5 . The defect mode is at 12.04 GHz with a Q-factor (quality factor, defined as the center frequency divided by the full width at half maximum) of 1430. The delay time at the defect mode frequency is 47 nsec. This also means that at the defect mode the group velocity is reduced by a factor of 220 when compared to the electromagnetic waves propagating in free space. Electricfield intensity of the cavity mode is highly localized at the center of the cavity (Fig 6) . Q-factor, group velocity reduction factor and enhancement factor are related through the localization of EM waves. It is also important to note that, the delay time is directly proportional to the quality factor via τ p ∝ Q/ω [22, 40, 41]. The measured enhancement factor for the EM waves emitted from a monopole source embedded inside the cavity is shown in Fig 7. The enhancement factor is around 20 at 12.07 GHz. Compared to the enhancement factor that we obtained in 2D system [21], our 3D cavity exhibits 4 times larger enhancement factor. Our results show that 3D PCs can be used to enhance the emitted power from a monopole source. The modes at the band edges of a PC are propagating modes and these modes are concentrated in low or high dielectric material region. Hence, the surface of the PC can be regarded as a system of radiation sources all operating at the band edge frequency, having similar spatial and temporal distribution of power with a uniform phase difference between the radiators [21] . This system of radiators is similar to an array of antennas. Since all the radiators of the system radiate in Γ − S direction, we expect the emitted power from a source embedded inside the PC to be confined to a narrow angular region [42] . Due to the 3D band gap, the angular confinement is also in 3 dimensions.
We have measured the angular distribution of power at the lower band-gap edge frequency, 10.3 GHz, for E and H planes [43] . For antennas with one narrow major lobe and very negligible minor lobes in the radiation pattern, the maximum directivity is given as [43]
where Θ 1 is half power beam width of one plane (E-plane) and Θ 2 is the perpendicular plane to the first (H-plane), in radians. The measured half power beam widths along the E-plane and H-plane are presented in Fig. 8 . In Fig. 8, 90 o corresponds to the stacking direction. We have measured half power beam widths of 13 o for both E and H planes. The directivity of the radiation source embedded inside 3D PC is calculated as 245. Hence, radiation from a monopole source embedded inside a 3D PC is highly directional and enhanced at certain frequencies. These results can be used to improve the efficiency of the PC based antennas, LEDs and lasers. In summary, we studied the emission of radiation from a monopole source located inside a 3D PC and inside a defect structure created in a 3D PC. We showed enhancement of radiation and reduced group velocity for band edge and cavity mode frequency. Moreover, we have demonstrated that for a source embedded inside a 3D PC, it is possible to confine the emitted power to a narrow angular region in two planes for frequencies at the band edge frequency. We have measured half power beam widths of 13 o for both E and H planes, corresponding to maximum directivity of 245. Our results indicate that the emission of radiation from sources can be totally controlled by 3D PCs. Both 3D angular confinement and suppression or enhancement of radiation can be obtained at the band edge frequencies.
